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Reliability of Surface Micromachined
MicroElectroMechanical Actuators

Danelle M. Tanner

Abstract – This paper will review some of the investigations
into MicroElectroMechanical systems (MEMS) reliability.  It will
categorize the major reliability issues of MEMS actuators.   Reli-
ability concerns of stiction, mechanical wear, fracture, fatigue,
shock, and vibration will be discussed.

I.  INTRODUCTION

Reliability studies and predictions are becoming crucial
to the success of MicroElectroMechanical System (MEMS)
as commercial applications are developed. There have been
extensive reliability studies by Maudie et al. identifying
possible failure mechanisms in MEMS pressure sensors [1]
and sensors exposed to harsh environments [2].  The life-
time experiments of Texas Instruments’ Digital Micromir-
ror Device (DMD) investigated unique failure mechanisms
[3] resulting from fatigue, fracture, and environmental con-
ditions of temperature and light intensity.  However, most
of the MEMS products on the market are sensors (pressure,
acceleration, and chemical) that do not have rubbing sur-
faces. In both sensors and the DMD example, issues like
friction and wear are minimal.

For MEMS actuators, normal operation requires sur-
faces to come into contact and rub against one another.  In
these cases wear of the rubbing surfaces becomes a reliabil-
ity issue.

Clearly, there has been a significant amount of work in
MEMS actuator reliability, but there is much more work to
do.  The following sections will describe some of the
unique reliability issues associated with MEMS.  The issues
of stiction, mechanical wear, fracture, fatigue, shock, and
vibration will be addressed.

II.  STICTION

Stiction is one of the largest reliability issues today, af-
fecting both sensors and actuators. Stiction is a general term
describing the adhesion of the microstructure to adjacent
structures.

Surface micromachined MEMS are mechanical struc-
tures fabricated from deposited thin films.  The structures

are encased in sacrificial layers (typically SiO2) until ready
for use.  The oxide film is etched by hydrofluoric acid (HF)
to yield a “released” sample.  There are several strong ad-
hesive forces that act on the structures during the drying
stage of the release [4].  These include capillary, electro-
static, and van der Waals forces.  Capillary forces dominate
at these dimensions and processes have been developed to
reduce or eliminate the forces for successful operation of
MEMS structures [5].

Stiction can be prevalent after the release process, which
will be manifested as low yield. Additionally, stiction can
arise during use due to overdriving electrical signals,
change in environment (high humidity or shock), or me-
chanical instabilities at resonance [6].

Coupling agent coatings such as alkysilanes have been
used to increase the hydrophobicity of the polysilicon sur-
face, thus eliminating capillary forces [7].  The most studied
silane coatings deposited on silicon are octadecyltrichloro-
silane (OTS) precursor molecules having a chemical for-
mula of C18H37SiCl3.  Additionally, a fluorinated chain,
perfluorodecyltrichlorosilane (FTS,  C6F13CH2SiCl3), has
been studied by Alley et al. [8].  Application of a coupling
agent requires preparation of the polysilicon surface by an
oxidation step (H2O2), resulting in an oxide layer a few na-
nometers thick.

An alternate approach to applying a coupling agent pre-
vents the formation of a meniscus by eliminating the liquid
phase in the drying process as in Figure 1.  The two meth-
ods are supercritical CO2 drying (SCCO2) [9] and freeze
sublimation [10].  Both have been successfully applied to
surface micromaching.
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Figure 1. These two methods prevent the formation of menis-
cus by avoiding the liquid phase.



Senft [11] performed friction tests on SCCO2 processed
devices and OTS-coated devices.   The measured coeffi-
cient of friction was the same, but the OTS-coated devices
ran three times longer implying better reliability.  Addition-
ally, work by Srinivasan et al. [12] suggests that nanometer
thick surface treatments can act as a boundary lubricant and
reduce the dynamic COF between OTS or FTS-coated
polysilicon surfaces.

An empirical stiction-prediction methodology was de-
veloped for accelerometers prone to stiction failures due to
shock [13].  This sensor was horizontally activated but sen-
sitive to stiction in the vertical direction.  The methodology
successfully predicted the probability of vertical stiction as
a function of applied g-level shock.

An example of a well-studied actuator is Texas Instru-
ments’ DMD projection system, which has an array of
500,000 individually addressable micromirrors (pixels)
[14].  A drawing of two DMD pixels that act as a light
switch is shown in Figure 2.  The MEMS structure is fabri-
cated over CMOS memory cells that control the rotation of
the micromirror through electrostatic attraction.  When the
mirror rotates to +10 degrees, the light enters the projection
optics producing a bright pixel (on state), alternately, a –10
degrees produces a dark or off state.

Reliability concerns [3] of the DMD system include the
obvious defect of a stuck (nonfunctional) mirror.  The three
most likely conditions found to contribute to stuck mirrors
were particle contamination, surface residue, and capillary
condensation.  Particles were the number one contributor to
nonfunctional mirrors.  The particles could either be on the
surface of the mirror or under the mirror.  The second cause
of stuck mirrors was attributed to surface residue that in-
creased the surface adhesion.  An innovative approach to
overcoming this surface adhesion was the incorporation of
springs in the landing tips of the mirrors in addition to using
a surface coating on the landing surface.  This spring stored
energy that pushed the mirror tip off the surface, and the
surface coating reduced adhesion and capillary condensa-
tion.

MEMS devices that are typically prone to stiction prob-
lems are switches and relays [15, 16, 17].  Because surface
coatings are insulating, switch contacts were developed
using metallic materials. Schlaak et al. [18] found that al-
though gold contacts provide the lowest contact resistance,
they tend to stick due to high adhesive forces.  An electro-
plated AuNi5 contact had better properties and produced
lifetimes of over 6 million cycles.  Elsewhere, switch life-
times of over 105 have been reported [19, 20].

III.  MECHANICAL WEAR

One of the first experiments to show wear as a dominant
failure mechanism ran polysilicon microturbines [21] and
gears at rotational speeds up to 600,000 rpm [22].  A fo-
cused air jet directed at the turbine induced the rotation.
Gabriel et al. [21] estimated dynamic coefficients of friction

between polysilicon and silicon ranging in value from 0.25
to 0.35.  The wear was extensive enough to cause mis-
alignment followed by wedging of the device.

In another experiment, microfabricated radial-gap elec-
tric motors were tested in room air at speeds between 200
and 2000 rpm [23].  Lifetime was limited by wear to 10,000
cycles.  This experiment incorporated a silicon nitride film
in the bearing and measured a coefficient of friction of the
nitride-polysilicon bearing to be 0.36.  Scanning electron
microscopy (SEM) analysis after failure revealed wear par-
ticles on the friction bearing surfaces.

Extensive reliability work [24, 25, 26, 27] has been per-
formed on the Sandia microengine [28]. The microengine
consists of orthogonal linear comb drive actuators mechani-
cally connected to a rotating gear as seen in Figure 3. By

Figure 3. Sandia microengine with expanded views of the comb
drive (top left) and the rotating gear (bottom left).

Figure 2.  Two DMD micromirrors showing the on (+10 de-
grees) and off (-10 degrees) state.  The mirrors, shown as trans-
parent are actually highly reflective.  (Image courtesy of Texas
Instruments)
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applying model-based voltages, the linear displacement of
the comb drives was transformed into circular motion [29].
The X and Y linkage arms are connected to the gear via a
pin joint.  The gear rotates about a hub, which is anchored
to the substrate.

A. Frequency

Experiments on the lifetime of a surface-micromachined
microengine investigating frequency dependence revealed
wear as the dominant failure mechanism [24]. The Sandia
High Volume Measurement of Micromachine Reliability
(SHiMMeR) [25] tester was used to provide electrical sig-
nals to large numbers of packaged microengines and to op-
tically inspect them for functionality.  Microengines driving
large load gears, as in Figure 4, were stressed at various
frequencies.  In order to accelerate the failures, a large tan-
gential force (factor of 5 times normal operating) was ap-
plied to the gear through the pin joint.

Severe drive pin wear and occasional breakage of drive

pins were characteristic of these devices when tested to
failure.  An example of such wear is seen in Figure 5, where
the bore of the hole in the drive gear which accepts the
drive pin is shown after a pin has been broken.  This wear
has produced an out-of-round shape both by wearing mate-
rial away and by depositing debris on the side wall of this
hole.  For comparison, a similar hole is shown from a con-
trol sample with similar processing history that was not
stressed.

The behavior of the microengines as they were stressed
followed a consistent pattern.  Initially the microengines ran
smoothly. With the accumulation of stress, the operation of
the microengines became sticky and jerky (stick-slip be-
havior) at inspection frequencies.  Some of the microengi-
nes would actually work through the sticky behavior and

become smooth again.  Near the end of life, the rotations
became more erratic until the microengines failed by stick-
ing or rocking back and forth through a small angle.  In this
work, the stickiness of the gear motion was presumed to be
due to the interaction of asperities on the rubbing surfaces.
Asperities could break off causing wear debris or adhere
which would result in a seized gear.

The median cycles to failure ranged from 105 to 106

with several microengines reaching close to 109.  A predic-
tive reliability model for the microengine was developed
[23], which was based on the fundamental principles of the
physics of wear in a mechanically resonating system. The
complete description for the reliability of MEMS actuators
failing due to wear, where Rf represents the median number
of revolutions to failure is
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In this equation, c is a variable that is directly propor-
tional to the wear coefficient and inversely proportional to
the hardness of the material.  Vc is the critical volume nec-
essary to seize the microengine, r is the radius of the pin
joint, and Fn is the nominal force applied to the joint.   The
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Figure 4.  SEM image of a microengine gear driving a large
load gear.  The hub is anchored to the substrate.  The pin joint
attaches the drive linkages to the gear.

1 µm

Figure 5.  SEM image of the wear in the pinhole (pin
joint resides) of the drive gear is shown in the bottom
image. The top image was from the control sample.



term in large square brackets represents a “magnification
factor” caused by approach to resonance, Q is the quality
factor of the damped harmonic mechanical system, and
ω/ωo is the ratio of the driving frequency to the resonant
frequency of the system.

Using the variable for adhesive wear, c = K/9σyp, for
polysilicon yields the graph in Figure 6. K is the adhesive
wear constant and σyp is the uniaxial yield strength for
polysilicon.

 There are two important characteristics in the data
versus model comparison.  First, the agreement supports the
conclusion that the failures are associated with wear and not
some other physical mechanism.  However, the specific
wear mechanism or combinations of mechanisms are as yet
undetermined.  Second, the functional dependence is
correct, with the model clearly predicting the decrease in
the number of revolutions to failure around the resonant
frequency and the increase in the number of revolutions to
failure above resonant frequency.

In another study of the microengine, it was determined
that the introduction of an additional source of rubbing
surfaces (in this case, a dimple rubbing against a shuttle)
reduced the lifetime and thus, the reliability of the
microengine [27].

B. Humidity

Humidity has been shown to be a strong factor in the
wear of polysilicon surfaces [30, 31].   Microengines (Fig-
ure 3) were stressed at 1720 Hz at various humidity levels
and two surface treatments, FTS coating and super critical
CO2 drying.  In order to accelerate the failures, a large tan-
gential force (factor of 5 times normal operating) was ap-
plied to the gear through the pin joint.

The dominant failure mechanism for these microengines
has been identified as wear.  The major effects of the wear
process were either pin joint wear-out causing the linkage
arm to break away from the gear or accumulation of wear
debris causing the microengine to seize.  The overwhelming
effect of the humidity was demonstrated by the amount of
wear debris observed.  The volume of debris increased
dramatically as we lowered the humidity.  This is shown in
the comparison of two humidity levels in Figure 7.  The
bottom gear was stressed at 1.8 % RH at 25 oC and the top
was stressed at 31% RH at 25 oC.  Both failed after roughly
600,000 cycles, but the wear debris covers the entire face of
the lower humidity test.

These experiments have shown that wear of the polysili-
con surfaces contributed to the failure of the microengines.
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Figure 6.  Data vs. predictive reliability model shows good
agreement.
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Figure 7.  The top SEM image shows the lack of debris accu-
mulation of the microengine drive gear after running in a high
humidity (31% RH) environment.  The bottom image shows the
debris accumulation of the gear after running in a low-humidity
(1.8% RH) environment.  Both accumulated roughly 600,000
cycles before failure.



Performing the experiments in air with varying humidity
introduced effects due to different surface reactions into the
friction and wear study.  Chemical interactions as a result of
rubbing are referred to as tribochemistry and tribochemical
reactions influence friction coefficients as well as wear
mechanisms and wear rates [32].

To estimate the wear volume of material one can meas-
ure the missing volume in the worn device.  A focused ion
beam (FIB) was used to cut through the hub and pin joint.
The cross sections revealed areas of worn volume and wear
debris.

The locations exhibiting the most wear were the hub and
pin joint areas so estimates were made there. The technique
assumes that the wear is symmetrical around the hub and
pin joint.  The error was estimated in the technique as ±
20% of the calculated worn area.  The wear volume was
normalized by the total number of cycles to failure to yield
wear rate which is shown in Figure 8 as a function of  % RH
at 25oC.

This wear of polysilicon can be compared to other sili-
con ceramics.  The data shown in Figure 8 agree with stud-
ies of a SiC/SiC system [33] where the decrease in wear
rate has been attributed to a tribochemical reaction leading
to the formation of a protective film of hydrated amorphous
silica.  Silicon nitride sliding on silicon nitride was also
investigated [34] and the main mechanism of wear was the
tribochemical oxidation of the silicon nitride to form silicon
oxide.  The wear rate increased in drier conditions in the
silicon nitride case also.

It was shown that the amount of wear debris generated in
sliding micromachined polysilicon surfaces is a function of
the humidity in an air environment.  As the humidity de-
creases, the volume of wear debris generated increases.  For
the higher humidity levels, the formation of surface hy-
droxides acts as a lubricant, resulting in lower amounts of
wear debris  [35, 36, 37].  At lower levels of humidity,
1.8% and 10% RH, formation of hydroxides is reduced,
resulting in large amounts of wear debris.

The wear debris was identified as amorphous oxidized
silicon, both in small and large agglomerates, by the use of
both transmission electron microscopy and electron diffrac-
tion analysis.  No polysilicon was observed in any portion
of the wear debris indicating that the surfaces were oxidized
before the wear particles were generated.

The SCCO2 treatment process produced microengines
that were less reliable during operation than microengines
with the FTS treatment, which can be attributed to the FTS
film acting as a lubricant.

Overall, wear of rubbing surfaces has been one of the
fundamental failure modes associated with MEMS.  Pre-
vention of wear certainly seems like a good investment and
many researchers are investigating lubricants.  Henck [38]
documented the successful approach used by TI’s digital
micromirror device.

IV. FRACTURE AND FATIGUE

Characterization of MEMS mechanical properties is es-
sential in predicting fracture or fatigue of devices.  Sharpe
et al. [39] has measured the thin film properties of Young’s
modulus (169 ± 6 GPa), Poisson’s ratio (0.22 ± 0.011) and
tensile strength (1.20 ± 0.15 GPa) for polysilicon.  Greek et
al. [40] developed a method to implement tensile tests in
situ on micromachined structures.

Many complex MEMS devices have been fabricated out
of polysilicon [41, 42].  It is a strong, hard, yet brittle mate-
rial, but fracture (without wear) has not been observed [43]
in MEMS devices fabricated using the SUMMiT process
[44] at Sandia National Labs.

Brown et al. [45] have developed the resonant fatigue
test structure shown in Figure 9.  The stress concentrator, or
notch, circled in the figure is designed so that the specimen
is broken at resonance.  The fatigue response can then be
measured by exciting the specimen at some fraction of the
resonance frequency and measuring the number of cycles to
failure.  A more complete discussion of this work is pre-
sented by Muhlstein et al. [46].

Douglass [3] reported that Texas Instruments’ DMD
hinged mirrors (aluminum) have demonstrated 1.7 x 1012

mirror cycles with no hinge fatigue failures. They estimate
that for a reliable product, each mirror element must switch
more than 90 x 109 times.  TI did uncover a hinge memory
failure mode where the mirror would not return to the rest
position.  The root cause was metal creep and improve-
ments in the hinge material increased robustness of the
product.

Figure 8.  This plot of wear rate of FTS-coated microengines
as a function of humidity shows the increase in wear rate as
humidity decreases.
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V. SHOCK AND VIBRATION

Brown et al. [47] documented work that demonstrates
the ruggedness of MEMS devices.  Artillery projectiles and
rockets instrumented with MEMS accelerometers were
flight tested with good results.  Products from Analog De-
vices, Motorola, and Endevco were attached to a 155-mm
artillery shell.  All sensors survived and data from the
ADXL05 are shown in Figure 10.  The apparent noise in the
figure is actually data from the spin precession and nutation
of the projectile.  Ground tests included shock table drops
and air gun launches.  Some of the sensors survived up to
95,000g.

Douglass [3] reported that Texas Instruments’ DMD
hinged mirrors (aluminum) exhibited robustness to shock,
vibration, and acceleration.  The micromirrors resonate at
frequencies greater than 100 kHz.  Normal handling and
dropping occurs at frequencies less than 1000 Hz so no
resonance modes are excited.

VI.  CONCLUSIONS

Some of the major MEMS concerns have been addressed
in this review.  The major concern for these small devices is
stiction, which affects yield and reliability.  Wear and the
resulting adhesion that causes failure has been shown to be
a dominant reliability issue.  Fracture has not been observed
much, but the work to characterize materials properties is

essential to provide values for design calculations.  Fatigue
is not an issue as of yet for polysilicon, but it may be a con-
cern for other materials.  MEMS devices have demonstrated
robustness to shock and vibration, although combinations of
effects (e. g. out-of-plane shock which causes stiction) may
indeed be a concern.

ACKNOWLEDGMENTS

The author thanks the personnel of the Microelectronics
Development Laboratory at SNL.  Special thanks to Sam
Miller and Bill Miller who empowered the MEMS reliabil-
ity team to perform significant work. Thanks to team mem-
bers, Bill Eaton, Norman Smith, Lloyd Irwin, Karen Helge-
sen, Jeremy Walraven, and Mike Dugger.  Also thanks to
the Laboratory Directed Research and Development pro-
gram which funded groundbreaking work in MEMS reli-
ability.

Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United
States Department of Energy under Contract DE-AC04-94-
AL85000

REFERENCES

[1]   T. Maudie, “Testing Requirements and Reliability Issues
Encountered with Micromachined Structures,” Proceedings
Of 2nd International Conference on Microstructures and Mi-
crofabricated Systems, 95-27, 1995, pp. 223-230.

[2]   T. Maudie, D. J. Monk, D. Zehrbach, and D. Stanerson,
“Sensor Media Compatibility: Issues and Answers,” Pro-
ceedings of Sensors Expo, Anaheim, CA, 1996, pp. 215-229.

[3]   Douglass, M. R., “Lifetime Estimates and Unique Failure
Mechanisms of the Digital Micromirror Device (DMD),”
IEEE International Reliability Physics Symposium Proceed-
ings, Reno, NV, 1998, pp. 9-16.

[4]   R. Maboudian and R. T. Howe, “Critical Review: Adhesion
in surface micromechanic structures,” Journal Vac. Sci.
Technol., B 15(1), Jan/Feb 1997, pp. 1-20.

Figure 9.  Resonant fatigue specimen with stress concen-
trator circled. (Image courtesy of Muhlstein at Exponent,
Failure Analysis Associates)

5 201510 25
-2

-1

0

1

Time (seconds)

A
cc

el
er

at
io

n 
(g

)

Figure 10.  Acceleration profile for an ADXL05 sensor
launched from a 155-mm artillery shot.  The apparent noise is
actually data from the spin and yaw of the projectile. (Data
courtesy of Brown at Wright-Patterson AFB [46])



[5]   R. Maboudian and R. T. Howe, “Stiction reduction processes
for surface micromachines,” Tribology Letters, 3, 1997, pp.
215-221.

[6]   C. H. Mastrangelo, ‘Adhesion-related failure mechanisms in
micromechanical devices,’ Tribology Letters, Vol. 3, No. 3,
(1997), pp. 223-238.

[7]   M. R. Houston, R. T. Howe, and R. Maboudian, in 8th Int.
Conf. On Solid-State Sensors and Actuators (Transducers
’95) and Eurosensors IX, Vol.1 Stockholm, June 1995, pp.
210-213.

[8]   R. L. Alley, R. T. Howe, and K. Komvopoulos, Proceedings
of the IEEE Solid-State Sensor and Actuator Workshop,
Hilton Head, SC, 1992, pp. 202-207.

[9]   G. T. Mulhern, D. S. Soane, and R. T. Howe, in Proc. 7th Int.
Conf. on Solid-State Sensors and Actuators (Transducers
’93), Yokohama, June 1993, pp.296-299.

[10] H. Guckel, J. J. Sniegowski, T. R. Christenson, and F. Raissi,
‘The application of fine-grained tensile polysilicon to me-
chanically resonant transducers,’ Sensors and Actuators,
A21, 1990, pp 346-351.

[11] D. C. Senft and M. T. Dugger, ‘Friction and wear in surface
micromachined tribological test devices,’ Proceedings SPIE
Symposium on Micromachining and Microfabrication, Vol.
3224, Austin, 1997, pp 31-38.

[12] U. Srinivasan, J. D. Foster, U. Habib, R. T. Howe, R. Ma-
boudian, D. C. Senft, and M. T. Dugger, “Lubrication of
Polysilicon Micromechanisms with Self-Assembled Mono-
layers,” Proc. IEEE Solid-State Sensor Actuator Workshop,
Hilton Head, SC, USA, 1998, pp. 156-161.

[13] A. Hartzell and D. Woodilla, ‘Reliability Methodology for
Prediction of Micromachined Accelerometer Stiction,’ Proc.
1999 IEEE International Reliability Physics Symposium, San
Diego, CA, 1999, pp. 202-205.

[14] L. J. Hornbeck, ‘Digital Light Processing  and MEMS:
Reflecting the digital display needs of the networked soci-
ety,’ Proc. of SPIE, Vol. 2783, 1996, pp. 2-13.

[15] P. M. Zavracky, N. E. McGruer, R. H. Morrison, G. Jenkins,
and K. Warner, "Microswitches for microwave and other ap-
plications," Sensors, 15(4), pp. 41-44, (1998).

[16] S. Majumder, N. E. McGruer, P. M. Zavracky, G. G. Adams,
R. H. Morrison, and J. Krim, "Measurement and modeling of
surface micromachined, electrostatically actuated mi-
croswitches," International Conference on Solid-State Sen-
sors and Actuators, Proceedings, 2, pp. 1145-1148, (1997).

[17] Zavarachy, Northeastern University, web page
http://www.ece.neu.deu/edsnu/zavracky/mfl/programs/relay/r
elay.html.

[18] H. F. Schlaak, F. Arndt, and M. Hanke, ‘Switching Charac-
teristics of Silicon-Microrelay with Electrostatic actuator,’
Proc.of 19th International Conference on Electric Contact
Phenomena, Nuremberg, Germany, 1998, pp. 59-64.

[19] W. P. Taylor, M. G. Allen, C. R. Dauwalter, ‘A Packaging
Compatible Fully Integrated Micromachine Relay,’ Pro-
ceedings of SPIE, Vol. 2920, 1996, pp. 202-207.

[20] K. M. Hiltmann, B. Schmidt, H. Sandmaier, and W. Lang,
‘Development of Micromachined Switches with Increased
Reliability,’ Proc. of International Conference on Solid-State
Sensors and Actuators (Transducers ’97), 1997, pp. 1157-
1160.

[21]  M. Mehregany, K. J. Gabriel, and W. S. N. Trimmer, “Inte-
grated fabrication of polysilicon mechanisms,” IEEE Trans.
Electron Devices, ED-35, 1999, pp. 719-723.

[22]  K. J. Gabriel, F. Behi, and R. Mahadevan, “In situ Friction
and Wear Measurements in Integrated Polysilicon Mecha-
nisms,” Sensors and Actuators, A21-A23, 1990, pp. 184-
188.

[23]  Lee S. Tavrow, Stephen F. Bart, and Jeffrey H. Lang, “Op-
erational characteristics of microfabricated electric motors,”
Sensors and Actuators, A35, 1992, pp. 33-44.

[24]  D. M. Tanner, W. M. Miller, W. P. Eaton, L. W. Irwin, K.
A. Peterson, M. T. Dugger, D. C. Senft, N. F. Smith, P. Tan-
gyunyong, and S. L. Miller, “The Effect of Frequency on the
Lifetime of a Surface Micromachined Microengine Driving a
Load,” IEEE International Reliability Physics Symposium,
Reno, NV, 1998, pp. 26-35.

[25] D. M. Tanner, N. F. Smith, D. J. Bowman, W. P. Eaton, K.
A. Peterson, “ First Reliability Test of a Surface Micro-
machined Microengine Using SHiMMeR,” Proceedings
SPIE Symposium on Micromachining and Microfabrication,
Vol. 3224, Austin, 1997, pp 14-23.

[26]  D. M. Tanner, W. M. Miller, K. A. Peterson, M. T. Dugger,
W. P. Eaton, L. W. Irwin, D. C. Senft, N. F. Smith, P. Tan-
gyunyong, and S. L. Miller, ‘Frequency dependence of the
lifetime of a surface micromachined microengine driving a
load,’ Microelectronics Reliability, 1999, to be published.

[27]  D. M. Tanner, K. A. Peterson, L. W. Irwin, P. Tangyunyong,
W. M. Miller, W. P. Eaton, N. F. Smith, M. S. Rodgers,
“Linkage Design Effect on the Reliability of Surface Micro-
machined Microengines Driving a Load,” Proceedings of
SPIE, Vol. 3512, pp. 215-226.

[28] E. J. Garcia and J. J. Sniegowski, “Surface micromachined
microengine”, Sensors and Actuators A, Vol. 48, 1995, pp.
203-214.

[29] S. L. Miller, J. J. Sniegowski, G. LaVigne, and P. J.
McWhorter, "Performance tradeoffs for a surface micro-
machined microengine", Proceedings of SPIE Micromachi-
ned Devices and Components II, Vol. 2882, Austin, October.
14-15,  1996, pp. 182-191.

[30] S. T. Patton, W. D. Cowan, and J. S. Zabinski, ‘Performance
and Reliability of a New MEMS Electrostatic Lateral Output
Motor,’ Proc. Of  IEEE International Reliability Physics
Symposium, 1999, pp. 179-188.

[31] D. M. Tanner, J. A. Walraven, L. W. Irwin, M. T. Dugger, N.
F. Smith, W. M. Miller, and S. L. Miller, ‘The Effect of Hu-
midity on the Reliability of a Surface Micromachined Micro-
engine,’ Proc. Of  IEEE International Reliability Physics
Symposium, 1999, pp. 189-197.

[32] T. E. Fischer and W. M. Mullins, “Ceramics, friction, and
chemistry,” CHEMTECH, 23:2 (1993), pp. 27-31.

[33] J. Takadoum, Z. Zsiga, M. Ben Rhouma, and C. Roques-
Carmes, “Correlation between friction coefficient and wear
mechanism of SiC/SiC system,” Journal of Material Science
Letters, 13, 1994, pp. 474-476.

[34] M. G. Gee and D. Butterfield, “The combined effect of speed
and humidity on the wear and friction of silicon nitride,”
Wear, 162-164, 1993, pp. 234–245.

[35] K. Mizuhara and S. M. Hsu, “Tribochemical Reaction of
Oxygen and Water on Silicon Surfaces,” Wear Particles, El-



sevier Science Publishers (D. Dowson et. al. Editors), 1992,
pp. 323-328.

[36] E. S. Zanoria, S. Danyluk, and M. J. McNallan, “Formation
of Cylindrical Sliding-Wear Debris on Silicon in Humid
Conditions and Elevated Temperatures,” Tribology Transac-
tions, 38, 1995, pp.721-727.

[37]  M. N. Gardos, “Advantages and Limitations of Silicon as a
Bearing Material for MEMS Applications,” Tribology Issues
and Opportunities in MEMS, Kluwer Academic Publishers,
Netherlands, ed. by B. Bhushan, 1998, pp. 341-365.

[38] S. A, Henck, ‘Lubrication of digital micromirror devices ,
Tribology Letters, Vol 3, 1997, pp. 239-247.

[39] W. N. Sharpe, Jr., B. Yuan, R. Vaidyanathan, and R. L. Ed-
wards, ‘Measurements of Young’s Modulus, Poisson’s Ratio,
and tensile Strength of polysilicon,’ IEEE Proc. of theInter-
national Workshop on Micro Electro Mechanical Systems
(MEMS’97), Nagoya, Japan, 1997, pp. 424-429.

[40] S. Greek, F. Ericson, S. Jphansson, J. Schweitz, ‘In situ ten-
sile strength measurement and Weibull analysis of thick film
and thin film micromachined polysilicon structures,’

Thin Solid Films, Vol. 292, 1997, pp. 247-254.
[41] M. S. Rodgers and J. J. Sniegowski, ‘5-level Polysilicon

Surface Micromachine Technology: Application to complex
Mechanical Systems,’ Solid-State Sensor and Actuator
Workshop Technical Digest, Hilton Head, 1998, pp. 144-
149.

[42] http://www.mdl.sandia.gov/Micromachine

[43] S. L. Miller, M. S. Rodgers, G. LaVigne, J. J. Sniegowski, P.
Clews, D. M. Tanner, K. A. Peterson, “Failure Modes in
Surface Micromachined MicroElectroMechanical Actuators,”
Proc. 1998 IEEE International Reliability Physics Sympo-
sium, Reno, NV, 1998, pp. 17-25.

[44] More technical information regarding the SUMMiT process
can be found at the web site
http://www.mdl.sandia.gov/Micromachine

[45] S. B. Brown, W. VanArsdell, C. L. Muhlstein, ‘Materials
Reliability in MEMS Devices,’ Transducers 97. 1997 Inter-
national Conference on Solid-State Sensors and Actuators,
Vol. 1, pp. 591-593.

[46] C. Muhlstein and S. Brown, ‘ Reliability and Fatigue Testing
of MEMS,’ Bhushan (ed.), Tribology Issues and Oppurtuni-
ties in MEMS, (Kluwer Academic Publishers, Netherlands,
1998).

[47] T. G. Brown and B. S. Davis, ‘Dynamic high-g loading of
MEMS sensors: ground and flight testing,’ Proceedings of
SPIE, Vol. 3512, 1998, pp. 228-235.


